Rapid cooling of the brain in the first minutes following the onset of cerebral ischemia is a potentially attractive preservation method. This computer modeling study was undertaken to examine brain-cooling profiles in response to various external cooling methods and protocols, in order to guide the development of cooling devices suitable for deployment on emergency medical vehicles. The criterion of successful cooling is taken to be the attainment of a 33. 
anatomically correct realistic three-dimensional head and neck with realistically varying local tissue properties was numerically simulated using the finite element method (FEM). The simulations performed in this study consider ice packs applied to head and neck as well as using a head-cooling helmet. However, it was found that neither of these cooling approaches satisfies the 33.0 o C temperature within 30 minutes. This central conclusion of insubstantial cooling is supported by the modest enhancements reported in experimental investigations of externally applied cooling. The key problem is overcoming the protective effect of warm blood perfusion, which reaches the brain via the uncooled carotid arterial supply and effectively blocks the external cooling wave from advancing to the core of the brain. The results show that substantial cooling could be achieved in conjunction with neck cooling if the blood speed in the carotid artery is reduced from normal by a factor of ten. The results suggest that additional cooling means should be explored, such as cooling of other pertinent parts of the human anatomy.
INTRODUCTION
Rapid cooling of the brain in the first minutes following the onset of cerebral ischemia is a potentially attractive preservation method. This computer modeling study was undertaken to examine brain-cooling profiles in response to various external cooling methods and protocols, in order to guide the development of emergency vehicle portable cooling devices. The devices considered in this research are non-invasive and would be applied to the external surface of patent's head and neck. Specifically, this study considers ice packs applied to the head and neck as well as a head-cooling helmet. The overall goal is to guide the development of these devices to obtain a 33.0 o C average target temperature in the brain within 30 minutes of treatment [1] so that the procedure could be applied by medical emergency vehicle teams. Cooling the brain to a lower temperature would increase the risk of uncontrolled shivering and cardiac arrest.
Clinical devices and processes for brain cooling, and analytical methods for predicting temperature distributions have been reviewed [2] . The reason for cooling the brain is justified by a well-known "Q 10 law" of thermal physiology. This law states that for every ten degrees Celsius During the past few years, several researchers have made attempts at numerically modeling cooling of oversimplified geometries of a human head while using equally oversimplified approaches to accounting for the actual diverse tissues in the head [2] . Our group has previously applied a less sophisticated finite element method to simulate transient brain cooling in a reasonably simplified two-dimensional cylindrical geometric model of a subhuman primate, the macaque rhesus monkey [3, 4, 5] . Cooling was driven either by ice packs applied to the scalp, or by direct exchange with arterial blood via the heat exchanger in a heart-lung machine, or by both means. While the computational grid was less intricately prepared than in the current work, the predictions of that cooling simulation agreed reasonably well with direct experimental measurements at multiple sites within the brain.
The main benefit of the research effort presented here is that it uses a realistic fully threedimensional geometry of an actual human head and realistic values for thermo-physical properties of a large number of local tissues constituting the head. The numerical algorithm is also highly accurate and computationally efficient. The results will offer significantly more definitive answers as to the feasibility of brain cooling via non-intrusive means.
II. FINITE ELEMENT MODEL
An approximate temperature distribution throughout a perfused tissue can be found by solving bioheat transfer equation suggested by Pennes [6] .
Here, θ art is the arterial perfusion temperature and q m is the heat source due to metabolism. The perfusion term is M b C p ( art -), where M b is the capillary perfusion rate, measured in ml. blood flow per minute per ml. of tissue. This "rate" can be understood as blood flow through the millions of capillaries in the tissue, proceeding in all directions at once, and thus not having a vector form. Additionally, we assume temperature-independent material properties and heat source terms. Under these conditions analytic solutions can be found only for very simple geometries. For realistic configurations, we must resort to numerical approximations of the bioheat transfer equation. A finite element method, which is described here, was used [7] . In the finite element method, the domain where the solution is sought is divided into a finite number of parts called elements. In this work, tetrahedral shaped elements were used exclusively since almost any complex 3-D geometry, including a human head, can be decomposed into a finite number of well-shaped tetrahedral elements.
Applying the method of weighted residuals to Eq. (2) over a single tetrahedral element Ω e with weight function v results in 
for each element in the domain and then assembled into the global system of linear ordinary differential equations.
This global system of equations can be solved to obtain the approximate solution to the bioheat transfer equation of the entire domain. Here, the time derivative of temperature, } {θ , is discretized using a finite difference approximation in time. The Crank-Nicolson algorithm is used and the final linear system of algebraic equations can be written as
where the subscript n+1 denotes the current time step and n denotes previous time step.
The approximate solution approaches the exact solution as the number of elements is increased and as the time step size, t ∆ , is reduced. However, increasing the number of elements and increasing the number of time steps also increases the computational cost. Therefore, the analyst must choose a computational grid and time step size that will give acceptable results in a reasonable amount of computational time.
The finite element method was implemented in a C++ code. The code was written to be computationally efficient so that realistic simulations can be performed on a typical personal computer. The linear algebraic system is solved at each time step using an iterative sparse matrix solver based on conjugate gradient method with an incomplete factorization for preconditioning In order to perform a finite element simulation, a geometrical object must first be defined and discretized into a computational grid made of tetrahedral elements. The head geometry used in this research was constructed from the National Library of Medicine's Standard Man data [12], which was derived from 1 mm thick sections of an entire male cadaver. A three-dimensional tetrahedral grid of the head was generated from these data by researchers at the University of Karlsruhe [13, 14] . It was composed of 43448 linear tetrahedrons with 14 material property domains, including air cavities within the head. The triangular surface grid is shown in Figure 1 .
The underlying voxel representation we used is the result of the tissue classification of the Visible Man Dataset by the Karlsruhe University team [13, 14] . Capillary "tissue" perfusion data from an experimental study of rapid brain cooling in a subhuman primate model at the University of Texas Southwestern Medical Center at Dallas [15, 16] was adapted to human tissue types.
Consensus values of thermal parameters for various body tissues were used, as given in Table   1 [15, 16, 17, 18] . The steady state and transient Pennes equations were discretized among all computational nodes and solved for various initial, boundary and perfusion conditions.
In addition, an idealized neck problem was formulated in order to concentrate on the convective heat transfer contributions of the carotid artery and internal jugular vein, the primary conduits for transfer of heat to and from the brain from an ice bath surrounding the neck. This "countercurrent heat exchanger" problem was formulated for a geometry based on an idealized neck anatomy derived from the website www.vesalius.com rather than from the discrete NLM/ Karlsruhe data. This was done in part to simplify the problem and in part to adjust the anatomy of the overdeveloped neck of the cadaver source of the NLM data. Thus, a separate threedimensional computational grid was generated for this idealized geometry of the neck in order to emphasize temperature gradients in the vicinity of the carotid artery and internal jugular vein, which are relatively close to the neck surface. The head and neck computational grid, thermal and perfusion parameters and numerical results are available in animation, graphical, and tabular form at http://maido.uta.edu/~brian/research/head/head.html.
III. NUMERICAL RESULTS FOR HEAD COOLING Head Cooling With Ice Surface Temperature
In the FEM simulation of cooling of a realistic three-dimensional human head, only the face, eyes and nose were assumed to be at the steady room temperature of 25. This means that less total energy needs to be removed than in Case 1, but the average and peak powers are higher, due to the additional cooling load of the incoming blood to the brain. structures. This is expected, since the conduction pathway is shorter to these regions than to the deeper structures, and there is some lateral conduction owing to the curvature of the skull.
A principal assumption of this analysis is that the perfusion distribution is uniform for all brain substructures, albeit significantly higher than for non-cerebral structures.
Of course, the patient with a cerebral ischemic event would not benefit from perfusioncooling of the region of ischemia. This would imply that convective cooling would not be available, and that the region most in need of the protection of lower temperature would not receive it. However, brain perfusion distribution is quite volatile in healthy subjects, with blood flow rapidly shifting to regions experiencing high metabolism, as elegantly demonstrated by functional SPECT and MRI studies. This raises the important question of the regulation of blood supply to regions adjacent to the ischemic region: how, if at all, is the perfusion of these regions affected? Speculating for the moment that perfusion is unaltered in the adjacent regions; one may envision a potentially dangerous region of warm ischemia, surrounded by better-perfused, cooler tissues. In contrast to the results of cerebral hypoxia modeling, thermal diffusion is much higher than oxygen diffusion. Thus, a larger region might be afforded partial metabolic protection, even if oxygen cannot be delivered.
It should also be noted that perfusion cooling in the vicinity of an ischemic area would enhance ischemic region cooling, so long as the blood perfusate is at a lower temperature than the ischemic tissue. Conversely, if the blood perfusate is at a higher temperature than the conduction-cooled tissue, such as might occur in the vicinity of a near-surface ischemic region, the surface cooling effect would be blunted by the warm blood perfusate.
Head Cooling With a Convection Cooled Helmet
In this sequence of FEM simulations of brain cooling, a realistic three-dimensional human The temperature evolution profiles predicted at the six sites in the brain are shown in Figure 13 .
There is negligible cooling (less than 0. Almost doubling the convective heat transfer coefficient of Case 6 provides negligible cooling of the brain (Figure 14) .
IV. NUMERICAL RESULTS FOR NECK COOLING
Due to the need to cool the blood perfusing the brain, it was decided to numerically simulate independent means of cooling of the neck. The objective was to learn if neck-only cooling would be sufficient to reduce the arterial blood temperature before it enters the brain. The neck-only geometric model was created where cylindrical neck, cervical vertebral, tracheal and carotid arterial and jugular venous dimensions were estimated from the www.vesalius.com website data.
Due to symmetry, only half the neck was modeled ( Figure 15 ) with different tissue regions shown in Figure 16 .
In the neck model, the chest (bottom) portion of the neck was set to 37. Table 2 .
However, it is important to note that tissue perfusion at arterial temperature, which would warm the blood, was not included in this simulation. Figure 18 depicts the steady state artery outlet temperature profile for various values of peak blood velocity in the artery. The average outlet temperatures for the profiles in Figure 18 are listed in Table 3 .
For normal carotid blood flow rates, even in the steady state, the artery outlet temperature cannot be significantly reduced from 37. 
VI. CONCLUSIONS
The The central conclusion of insufficient cooling is supported by the modest cooling enhancements reported in other experimental investigations of externally applied cooling [1, 2, 19] . While experiments might be conducted with optimized cooling conditions, such as shaving the head, applying closer-fitting head and neck garments, convective enhancement of the head or neck ice baths, none of these means are likely to change the conclusion in conservative application of the method.
In simulations for head subjected to both constant surface temperature and convection, the face, eyes, and nose were assumed to be at the steady room temperature which might not be realistic considering the three-dimensional heat transfer. It should not be too difficult to incorporate a natural convection boundary condition on these surfaces in the model. However, since the results are dominated by the effect of the blood perfusion and not the surface boundary conditions in these small areas, changing these boundary conditions would not change the overall results significantly. Table 1 . Physical properties of tissues used in thermal modeling of a human head and neck Table 2 . Average blood temperature in the neck artery at different locations Table 3 . Average outlet blood temperature in the neck artery for different peak blood velocity Figure 1 . View of the triangular surface mesh of the realistic human head [13, 14] . Figure 1 . View of the triangular surface mesh of the realistic human head [13, 14] . 
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